g Pathogenic Leptospira spp., the causative agents of leptospirosis, are slow-growing Gram-negative spirochetes. Isolation of Leptospira from clinical samples and testing of antimicrobial susceptibility are difficult and time-consuming. Here, we describe the development of a new solid medium that facilitates more-rapid growth of Leptospira spp. and the use of this medium to evaluate the Etest's performance in determining antimicrobial MICs to drugs in common use for leptospirosis. The medium was developed by evaluating the effects of numerous factors on the growth rate of Leptospira interrogans strain NR-20157. These included the type of base agar, the concentration of rabbit serum (RS), and the concentration and duration of CO 2 incubation during the initial period of culture. The highest growth rate of NR-20157 was achieved using a Noble agar base supplemented with 10% RS (named LVW agar), with an initial incubation at 30°C in 5% CO 2 for 2 days prior to continuous culture in air at 30°C. These conditions were used to develop the Etest for three species, L. interrogans (NR-20161), L. kirschnerii (NR-20327), and L. borgpetersenii (NR-20151). The MICs were read on day 7 for all samples. The Etest was then performed on 109 isolates of pathogenic Leptospira spp. The MIC 90 values for penicillin G, doxycycline, cefotaxime, ceftriaxone, and chloramphenicol were 0.64 units/ml and 0.19, 0.047, 0.5, and 2 g/ml, respectively. The use of LVW agar, which enables rapid growth, isolation of single colonies, and simple antimicrobial susceptibility testing for Leptospira spp., provides an opportunity for new areas of fundamental and applied research.
L
eptospirosis is a zoonotic disease caused by pathogenic members of the genus Leptospira (1, 2) . This infection has a worldwide distribution but has the greatest impact on health in developing countries, where it is often grossly underrecognized (1) (2) (3) (4) . Making a diagnosis of leptospirosis in resource-limited settings is challenging because of the similarity between clinical features of this and other common infectious diseases that occur in the tropics such as scrub typhus, dengue, and malaria, combined with a lack of easy-to-use and affordable diagnostic tests (5) .
In areas of the world where diagnostic microbiology capabilities are available, agar-based culture techniques continue to represent an effective and simple methodology for the isolation of a wide range of bacterial pathogens and testing of antimicrobial susceptibility. They are inexpensive relative to other diagnostic methodologies and often provide information on species and antimicrobial susceptibility within 24 to 48 h of a culture becoming positive. This is not the case for leptospirosis. Although Leptospira cells are present in blood during the first week of illness (6) , these fastidious microorganisms do not grow readily in standard laboratory media. Culture can be performed but requires specific semisolid or liquid media and considerable expertise and may take several weeks or months before the organism is isolated (6) . Furthermore, antimicrobial therapy is invariably empirical because of a lack of simple antimicrobial susceptibility testing methods for Leptospira (7) . Broth macro-and microdilution methods have been described (8) (9) (10) (11) (12) (13) (14) (15) (16) , but these are too time-consuming for routine diagnostic microbiology laboratories. Simple diffusion-based methods such as disk diffusion and Etest methodology are not described for these species. Drug resistance appears to be rare based on clinical response (7, 17, 18) , but detection of the emergence of resistance would inevitably be slow, and suspicion for this would be based on an unexpectedly poor clinical outcome.
Here, we describe the development of a new agar that facilitates rapid growth of single colonies of pathogenic Leptospira and the use of this medium to develop the Etest to determine antimicrobial MICs to drugs in common use for leptospirosis.
MATERIALS AND METHODS

Bacterial isolates.
A total of 109 pathogenic Leptospira isolates were used during the development and evaluation of the new solid medium and Etest. This collection consisted of 100 clinical isolates from Asia, including Thailand (n ϭ 63), Lao PDR (n ϭ 28), and Sri Lanka (n ϭ 9), together with 9 isolates from a reference collection that originated from Indonesia (n ϭ 4), China (n ϭ 1), Belgium (n ϭ 1), Japan (n ϭ 1), Denmark (n ϭ 1), and the United States (n ϭ 1). All organisms were maintained by continuous culture (stock culture) in semisolid EMJH medium containing 3% rabbit serum (RS) and 0.1% bacteriological agar.
Development of LVW agar. The new solid medium, LVW agar, was developed by testing the effects of combinations of ingredients and incu-bation conditions on time to first visible colonies. All recipes contained three core ingredients and a variable concentration of two additional ingredients. The core ingredients were Leptospira Medium Base EMJH (2.3 g/liter; Difco), Leptospira Enrichment EMJH (100 ml/liter; Difco), and sodium pyruvate (10 mg/liter; Merck). The first two ingredients were chosen because they are present in a commonly used medium for Leptospira culture (EMJH), and sodium pyruvate was included because of a previous report that it enhanced growth of Leptospira when added to a solid medium (19) . The variable ingredients were the agar base used, bacteriological agar (Agar No. 1; Oxoid, Hampshire, England) or Noble agar (Becton, Dickinson, Sparks, MD), and rabbit serum (Gibco, Invitrogen, NY) added to a final concentration of 3%, 5%, or 10%. Bacteriological agar was selected because it is commonly used in a semisolid Leptospira medium that is recommended by a WHO reference center (20) , and Noble agar was selected because its successful use in solid and semisolid Leptospira media has been described previously (21, 22) . Rabbit serum is a commonly used ingredient in Leptospira media, but the percentage used ranges from 3% to 10% (23) . Agar was made up to a volume of 1 liter using distilled water and sterilized, and 12 ml of mixed agar was poured into a 55-mm-diameter petri dish to achieve a depth of 4 mm. After inoculation of Leptospira, agar plates were incubated at various concentrations of CO 2 and durations before being switched to incubation in air. These incubations were included because of several reports showing that CO 2 enhanced the growth of Leptospira (24, 25) , but the optimal concentration of CO 2 and duration of CO 2 incubation are unknown.
First, all agar plates were tested for time to growth (visible colonies) of Leptospira interrogans serovar Pyrogenes strain NR-20157, a clinical isolate cultured from a febrile rice farmer presenting to a hospital in northeast Thailand in 2001 (6, 26) . The inoculum was prepared by adding 1 ml of stock culture to 4 ml of liquid culture medium (EMJH supplemented with 10% RS) and incubating the mixture at 30°C in air for 1 week. This was diluted to an optical density at 420 nm of 0.32 (approximately 10 8 CFU/ml), followed by serial dilution using EMJH medium to achieve final concentrations of 10 5 , 10 4 , 10 3 , and 10 2 CFU/ml. Ten microliters of each concentration was drop inoculated onto one quarter of an agar plate. Agar plates were incubated at 30°C in air or initially incubated for 1, 2, 3, 4, or 5 days in either 1% or 5% CO 2 at 30°C, followed by incubation at 30°C in air for a total of 28 days. Agar plates were observed with the naked eye each day, and the time to first visible Leptospira colonies was recorded. The result was recorded as "no growth" if there were no visible Leptospira colonies on day 28. The different combinations of ingredients, bacterial concentrations, and incubation conditions tested are provided in Table 1 in the supplemental material.
Development and evaluation of Leptospira Etest. The agar that supported the earliest visible bacterial growth (named LVW agar [see Results]) was used to establish and evaluate the Etest for Leptospira spp. LVW agar was prepared, and 25 ml was poured into a 90-mm-diameter petri dish to reach a depth of 4 mm. A pilot experiment was performed using three clinical Leptospira isolates: L. interrogans serovar Autumnalis strain NR-20161 (isolated in 2003 from Lumpang, northern Thailand), L. borgpetersenii serovar Javanica strain NR-20151 (isolated in 2003 from Udon Thani, northeast Thailand), and L. kirschnerii serovar Grippotyphosa strain NR-20327 (isolated in 2002 from Udon Thani). The three isolates were grown in EMJH medium to a concentration of 10 8 CFU/ml as described above, and 300 l of each culture was spread evenly across the surface of six LVW agar plates. These were preincubated at 30°C in 5% CO 2 for 2 days (the optimal incubation conditions for LVW agar; see Results for more details). A single Etest strip of penicillin G, doxycycline, ceftriaxone, cefotaxime, or chloramphenicol (AB Biodisk, Solna, Sweden) was then applied to each of the five plates, the sixth plate without an Etest strip acting as a growth control. Plates were then incubated at 30°C in air and observed every day for a total of 14 days. The MIC was read on the first day that a demarcation of the inhibition ellipse within the bacterial lawn became clearly discernible to the naked eye (the MIC being the dissection point of the ellipse).
To test the reproducibility of the Etest, four technicians independently performed the assay for the three isolates (strains NR-20161, NR-20151, and NR-20327) and five antimicrobials (penicillin G, doxycycline, ceftriaxone, cefotaxime, and chloramphenicol). Each technician prepared their own Leptospira inoculum, used a different batch of LVW agar, and was blinded to the results of the other technicians.
Comparison between Etest and broth microdilution. To evaluate agreement between MICs read by the Etest and the broth microdilution, broth microdilution susceptibility testing was performed for the three isolates (strains NR-20161, NR-20151, and NR-20327) and the five antimicrobials (penicillin G, doxycycline, ceftriaxone, cefotaxime, and chloramphenicol; Sigma-Aldrich, St. Louis, MO). Broth microdilution was performed as described by Murray et al. (13) . In brief, one 96-well, roundbottomed microtiter plate was used per isolate. Each plate included a positive control (bacteria without an antimicrobial), a negative control (medium only), and serial 2-fold dilutions of each of the 5 antimicrobials with the final concentration of 25.0, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39, 0.2, 0.1, 0.05, 0.025, or 0.012 g/ml (units/ml for penicillin G). Leptospira cells were added to the positive-control and antibiotic-containing wells at a final concentration of 1 ϫ 10 6 CFU/ml. After 3 days of incubation at 30°C in air, 20 l of alamarBlue (catalogue no. DAL1025; Invitrogen, New York, NY) was added to every well. On the 5th day of incubation, the color of each well was noted, and the MIC was recorded as the lowest concentration that did not result in a blue-to-pink color change. The Etest MIC values deviate slightly from those of 2-fold dilutions, and for the purposes of making a direct comparison between Etest and broth MIC only, we rounded up the Etest results to the next broth microdilution value (e.g., 0.023 g/ml was rounded to 0.025 g/ml).
Antimicrobial susceptibilities of 109 pathogenic Leptospira isolates. The validated Etest methodology was performed for 109 Leptospira isolates and five antimicrobial drugs (penicillin G, doxycycline, ceftriaxone, cefotaxime, and chloramphenicol).
Statistical analysis. Univariable and multivariable Cox proportional hazard models were used to select the conditions associated with the fastest growth of Leptospira strain NR-20157. Analysis was based on time to event, with time measured from the inoculation of Leptospira. The outcome of interest was time to first detection of Leptospira colonies on the agar plates. Bacteriological agar with 3% RS and without CO 2 incubation was selected as the baseline against which other conditions were compared (termed baseline condition). Hazard ratios (HR) were calculated based on the detection of Leptospira for a given condition compared to those observed for the baseline. An HR value of more than 1.0 indicates that time to visible colonies for a given condition was shorter than that for the baseline condition, and vice versa. The effects of the type of agar and percentage of RS used were presented as a combined variable because an interaction was observed between the two. All variables that were statistically significant in univariable analyses (at the 0.25 significance level) were included in multivariable analyses. A final multivariable model was developed using a purposeful selection method (27) . Data were analyzed using Stata 12.0 (StataCorp, TX).
RESULTS
Development of LVW agar. Development of a solid agar that supports the growth of Leptospira spp. was based on testing the effect of (i) two different base agars, (ii) three concentrations of rabbit serum (RS), and (iii) 11 different incubation atmospheres, in combination with other fixed components (2.3 g/liter Leptospira Medium Base EMJH, 100 ml/liter Leptospira Enrichment EMJH, and 10 mg/liter sodium pyruvate) that are used in alternative Leptospira media. Four different concentrations of bacterial inocula (10 5 , 10 4 , 10 3 , and 10 2 CFU/ml of L. interrogans strain NR-20157) were used to represent a spectrum that may be present in clinical samples. These variables together gave rise to a total of 264 different conditions/samples (see Table 1 in the supplemental mate-rial). Of these, 35 (13%) had no visible growth after 28 days of incubation. The median time from Leptospira inoculation to first visible colonies was 18 days (interquartile range, 13 to 20 days). The shortest time was 10 days, which was observed for 10 different conditions. Colonies growing under all conditions were subsurface, the appearance of which is shown in Fig. 1A .
Data were analyzed using a two-step process. The optimal combination of medium and incubation conditions was initially evaluated using a univariable Cox proportional hazard model, in which the time to first visible colonies was compared with the time to first visible colonies for a baseline condition (bacteriological agar as the base agar, with 3% RS and no CO 2 incubation) ( Table  1 ). This analysis demonstrated that Noble agar base with 10% RS was associated with a 6.2 times higher rate of Leptospira growth (time to first detection) compared with bacteriological agar base with 3% RS (hazard ratio, 6.2; 95% confidence interval [CI], 3.9 to 9.9; P Ͻ 0.001 [ Table 1 ]). Initial incubation in 5% or 1% CO 2 (for any length of duration) was associated with a 1.8 or 1.5 times higher rate of Leptospira growth compared to no initial incubation in CO 2 , respectively (P ϭ 0.03). There was a trend toward the highest rate of Leptospira growth for media incubated in CO 2 for 2 days (P ϭ 0.15).
Data were then analyzed using a multivariable Cox proportional hazard model to determine which of the variables had an independent effect. In the final model, we found that a higher Leptospira inoculum, Noble agar base with 10% RS, and use of an initial CO 2 incubation for 2 days were independent factors associated with less time to visible Leptospira growth ( Table 1) . The model suggested that using the same duration of initial CO 2 incubation, the concentration of CO 2 (1% or 5%) was not an independent factor associated with the rate of Leptospira growth (P ϭ 0.25; log likelihood ratio test). However, 5% CO 2 was chosen based on the trend observed in the univariable model (Table 1) . We concluded that the optimal solid medium contained 1% Noble agar base with 10% RS, and this medium was named LVW agar.
Development and validation of Etest for Leptospira. Three Leptospira species (L. interrogans strain NR-20161, L. borgpetersenii strain NR-20151, and L. kirschnerii strain NR-20327) were evaluated using Etest strips for five drugs (penicillin G, doxycycline, ceftriaxone, cefotaxime, and chloramphenicol). Leptospira colonies were visible on day 4 or 5 after inoculation for all samples, but the zone of inhibition was not clear-cut until day 7 (Fig. 1B) .
The MICs were read on day 7 and each day for a further 7 days; no changes were observed in the MICs during this period, and so day 7 was selected for further analysis. There was good reproducibility between the results generated by four technicians who independently performed the assay for the three isolates (strains NR- ) and incubated at 30°C in 5% CO 2 for 2 days followed by 30°C in air for a total of 28 days. (B) Penicillin G Etest on LVW agar for Leptospira interrogans serovar Autumnalis strain NR-20161. The plate was prepared by spreading 300 l of 10 8 CFU/ml and incubated at 30°C in 5% CO 2 for 2 days followed by 30°C in air for a total of 7 days. 20161, NR-20151, and NR-20327) and the five antimicrobials, with no more than a two-dilution difference observed for any given antimicrobial (Table 2) .
Comparison between Etest and broth microdilution. Three Leptospira species (L. interrogans strain NR-20161, L. borgpetersenii strain NR-20151, and L. kirschnerii strain NR-20327) were evaluated using a broth microdilution assay for all five drugs. Of 15 MICs, 7 (47%) were the same for both methods, 5 (33%) differed by no more than 2 dilutions, and 3 (20%) were different by 3 dilutions (Table 3) .
Antimicrobial susceptibilities of 109 pathogenic Leptospira isolates by Etest. The MICs to the five test antimicrobial drugs were determined for a total of 109 isolates using the Etest (see Table S2 in the supplemental material). The MIC 90 values were as follows: penicillin G, 0.064 units/ml; doxycycline, 0.19 g/ml; cefotaxime, 0.047 g/ml; ceftriaxone, 0.5 g/ml; and chloramphenicol, 2 g/ml (Table 4 ). There was no difference in MIC 90 values for isolates originating from Thailand, Lao PDR, Sri Lanka, and a set of reference strains from other countries ( Table 4 ). The exception was the MIC 90 of penicillin G in Sri Lanka, which was higher than for isolates from elsewhere (1 unit/ml versus Յ0.064 unit/ml), an observation that could be explained by a single outlier with an MIC of 1 unit/ml in Sri Lanka.
DISCUSSION
In regions of the world where diagnostic microbiology is available, bacteriological agar plays a central role in diagnosing bacterial diseases and evaluating antimicrobial resistance of the causative pathogens. In this study, we developed a solid agar that supports the rapid and visible growth of Leptospira colonies. Using LVW agar, we also developed diffusion-based antimicrobial susceptibility testing of Leptospira spp. on solid medium. The Etest was selected because it is a rapid, simple, and well-established method for antimicrobial resistance testing with easy-to-read MICs. Rapid growth and clear MICs could be read within 7 days after bacterial inoculation for all 109 Leptospira isolates tested. The ingredients of LVW agar are commercially available (1% Noble agar base, 10% RS, 2.3 g/liter Leptospira Medium Base EMJH, 100 ml/liter Leptospira Enrichment EMJH, and 10 mg/liter sodium pyruvate), and preparation is straightforward. a MIC values are given in units/ml for penicillin G. b The Etest MICs deviate slightly from 2-fold dilutions, and for the purposes of making a direct comparison between Etest and broth MIC only we rounded up the Etest results to the next broth microdilution value (e.g., 0.023 g/ml was rounded to 0.025 g/ml). Several previous studies have described the growth of Leptospira on solid agar (24, 28, 29) , although growth on these usually took more than 2 weeks. The first report in 1956 by Cox and Larson described a medium containing 1% agar (Difco), 10% RS, rabbit erythrocyte lysate, and 0.2% tryptose phosphate broth (Difco) (30) . Colonies of the 10 Leptospira isolates evaluated were observed within 15 days of incubation in air at 30°C (30 (19) . In 1979, Bromley and Charon used solid medium containing 1% Noble agar and EMJH medium, on which colonies of L. interrogans serovar Illini were observed within 10 days of incubation in air at 30°C (21) . In 1986, Rule and Alexander used solid medium containing gellan gum (Gelrite; Merck Co.) and EMJH medium, on which colonies of 11 pathogenic Leptospira isolates were observed within 20 days of incubation in air at 30°C (31) . Using LVW agar and an inoculum of 10 8 CFU/ml, we showed that colonies of all 109 pathogenic Leptospira isolates tested could be observed within 7 days after bacterial inoculation.
The rapid growth of Leptospira on LVW agar is probably associated with several factors. We observed that a combination of Noble agar with 10% RS provided the fastest growth of Leptospira compared to the baseline condition (bacteriological agar with 3% RS). Noble agar has a lower percentage of ash, calcium, magnesium, potassium, sodium, sulfate, and sulfur than bacteriological agar, and one or more of these variables may facilitate the growth of Leptospira. The requirement for a high percentage of RS is consistent with previous studies, suggesting that the nitrogen source and thiamine in RS can stimulate growth of Leptospira (32) . We found that an initial CO 2 incubation for 2 days improved the rate of growth of Leptospira, although paradoxically the growth rate was decreased if the duration of CO 2 incubation was longer than 2 days, with inhibition of growth if exposed to CO 2 for the entire incubation period of 28 days (data not shown). Growth stimulation by CO 2 is consistent with previous reports (24, 25) . Unsurprisingly, a high initial bacterial inoculum was also associated with a shorter duration to culture positivity.
Leptospira colonies observed on LVW agar are very similar to those described previously on solid medium (30, 31) and are subsurface. One study on the growth of two isolates of L. interrogans (serovar Ponoma and serovar Icterohaemorrhagiae) on solid medium containing 1% agar, 100 mg/liter pyruvate, 10% RS, and EMJH medium reported the presence of both surface and subsurface colonies (29) . This was not observed for LVW agar in our study, which also included L. interrogans serovar Ponoma and serovar Icterohaemorrhagiae.
Rapid, simple, and easy-to-read antimicrobial susceptibility testing methodology is needed for Leptospira spp. Broth macroand microdilution methods have been developed and used to determine the MICs of small collections of Leptospira isolates (8, 9, (11) (12) (13) (14) (15) (16) (13, 14) . In general, we did not observe regional differences in antimicrobial susceptibility in Thailand, Lao PDR, and Sri Lanka, and our findings support the continued use of penicillin, cephalosporin, and doxycycline for the treatment of leptospirosis in these areas.
Rapid, sensitive, and easy-to-perform methods to isolate Leptospira from clinical and environmental specimens are required in rural tropical settings where leptospirosis is endemic (3, 5, 24, 33) . Further investigations of the utility of LVW agar for such purposes are under way. We speculate that LVW agar, which enables rapid growth, isolation of single colonies, and simple antimicrobial susceptibility testing for Leptospira spp., will become widely used in diagnostic microbiology and during fundamental and applied research. We declare that we have no conflicts of interest.
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